An organism's ability to disperse influences many fundamental processes in 27 ecology. However, standardised estimates of dispersal ability are rarely available, and thus 28 the patterns and drivers of broad-scale variation in dispersal ability remain unclear. Here we 29 present a global dataset of avian hand-wing index (HWI), an estimate of wingtip pointedness 30 widely adopted as a proxy for flight efficiency and dispersal in birds. We show that HWI is 31 correlated with geography and ecology across 10,391 (>99 %) bird species, increasing at 32 higher latitudes and in migratory and/or non-territorial species. After controlling for these 33 effects, the strongest predictor of HWI is temperature variability (i.e. seasonality), with 34 secondary effects of diet and habitat type. Our analyses (1) reveal a prominent latitudinal 35 gradient in HWI shaped by ecological and environmental factors, and (2) provide a global 36 index of avian dispersal ability for wider use in community ecology, macroecology, and 37 macroevolution. 38 39
Introduction 40 41
Dispersal plays a key role in ecological processes at a range of spatial and temporal scales 42 (Greenwood 1980; Bowler & Benton 2005) . The likelihood or rate of dispersal by organisms 43 is thought to influence macroevolutionary patterns of speciation and extinction (Mayr 1963 ability is also a critical factor in predicting biological invasions (Capinha et al. 2015) , as well 52 as species sensitivity to climate (Travis et al. 2013 ) and land-use change (Lees & Peres 2009; 53 Bregman et al. 2014) . Despite this broad relevance, however, we still know remarkably little 54 about phylogenetic and geographical variation in dispersal ability and its underlying drivers 55 (Dieckmann et al. 1999; Pigot & Tobias 2015) . 56 57 Dispersal distances vary widely in vertebrate animals from small-scale movements in 58 sedentary species to global journeys spanning both hemispheres in migratory species. On 59 the one hand, this variation is thought to be largely driven by environmental factors such as 60 climate. In particular, temporal variability in climate or resources is expected to favour 61 increased mobility (Greenwood 1980; Dieckmann et al. 1999; Bowler & Benton 2005) , which 62 in turn is expected to generate a latitudinal gradient in dispersal ability because of increased 63 seasonality towards the poles (e.g. Salisbury et al. 2012 , Bregman et al. 2014 ). On the other 64 hand, dispersal is expected to be linked to a range of species attributes only weakly 65 correlated with latitude, including body size (Paradis et al. 1998 ), diet (Peach et al. 2001) , 66 and resource defence strategy (Forero et al. 1999) . Estimating the relative roles of these 67 environmental or ecological factors has proved challenging, however, because dispersal is 68 difficult to quantify directly in most natural systems, particularly in a standardised way 69 across large numbers of species (Dieckmann et al. 1999 ; Dawideit et al. 2009 ; Alzate et al. 70 2019) . 71 72 Standard methods for quantifying dispersal, such as mark-recapture, GPS tracking, and 73 estimates of gene flow, are time-consuming, expensive, and difficult to scale. Even in 74 vertebrate animals, comparative studies of dispersal have been limited to very small sample 75 sizes, typically in well-studied organisms and regions. For example, natal and breeding 76 dispersal data were made available for 75 British bird species based on nearly 100 years of 77 intensive mark-recapture data (Paradis et al. 1998) , while a recent survey of mammalian 78 movement was based on GPS data from only 57 species (Tucker et al. 2018 ). Until such 79 measurements become easier to implement at a wide scale, the most promising approach 80 for comparative analyses relies on standardised biometric indices of dispersal ability. 81
Perhaps the most familiar of these indices, the hand-wing index (HWI), is a morphological 82 metric linked to wing aspect ratio (Kipp 1959; Lockwood et al. 1998) We first use spatial mapping to visualise the geographic distribution of HWI, and 104 then apply Bayesian phylogenetic mixed models to explore the mechanisms underlying this 105 pattern. We include two biogeographic, four climatic, and five ecological variables to assess 106 which of these factors best explain interspecific variation in HWI, both across all birds and 107 separately within major groups (passerines versus non-passerines). We also test the 108 hypothesis that wing morphology drives variation in geographical range size and use 109 separate models to further explore the link between HWI and migration. Given that a 110 growing body of evidence suggests that HWI predicts flight efficiency and dispersal ability in 111 birds ( The hand-wing index, HWI, is defined as the ratio of the Kipp's distance (the distance 120 between the tip of the first secondary feather and the tip of the longest primary feather) to 121 the total wing chord (see Fig. 1a revisions or newly described species where possible. We selected at least two males and 136 two females in good condition for measurement when available, giving a mean of 4.04 137 individuals measured per species. We restricted our sample to adults, excluding all 138 specimens labelled or identified in-hand as juveniles. Measurements from museum 139 specimens were taken from the nominate subspecies whenever possible. 140
141
The majority (68%) of measurements were taken by 8 observers (the authors), but a further 142 84 observers contributed to the dataset by providing measurements from specimens 143 accessed at a total of 73 collections and field sites (see Supplementary Information). To 144 maximise consistency, all contributors were supplied with a detailed protocol for taking 145 wing measurements. To assess the effect of observer biases, we collected 220 replicate 146 wing measurements by different measurers for 146 species (see Supplementary  147 Information). Measurer identity explained approximately 0.5% of the variation in Kipp's 148 distance and less than 0.01% of the variation in wing chord (Fig. S1 ). These findings support 149 previous analyses concluding that independent biometric trait measurements by different 150 observers are very highly correlated and thus unlikely to influence multi-species analyses at 151 We classified all species into dietary guilds using proportional diet scores from Wilman et al. 156 (2014) , updated according to the procedures described therein with information from 157 primary and secondary literature (e.g. Birds of North America Online and HBW Alive). We 158 merged all four vertivore categories (including carnivores and piscivores) into a single 159 grouping. Any species with > 50% of its diet belonging to a single category, or with exactly 160 50% of its diet in one category and < 50% in all other categories, was classified as belonging 161 to that majority category as a guild; all other species were classified as omnivores. We computed geographical range size by intersecting global range polygons (Birdlife 177 International & NatureServe 2011) with a 1×1 grid and counting the number of grid cells 178 overlapped by each polygon. These ranges were then intersected with data from WorldClim 179 v. 1 to obtain average annual temperature, temperature variability, annual precipitation, 180
and precipitation variability for all species (Hijmans et al. 2005 ). We used a land GIS layer to 181 quantify the proportion of the geographical range of each species intersecting with islands 182 with landmass below 2,000 sq. km (see Pigot et al. 2018 ), which we term 'association with 183 islands'. We extracted median range latitude from range polygons and entered this into 184 models as an absolute (unidirectional) value. For data display purposes, range maps were 185 intersected with a 1x1 grid (approximately 110 km x 110 km), and the traits of the species 186 living within each grid cell were plotted using the R package sf (Pebesma 2018 scaled to have a mean of 0 and a variance of 1; range size and HWI were log-transformed; 195 and the association with islands was arcsine-transformed. Priors were initially set using 196 inverse-Wishart priors for the phylogenetic and residual variance (V = 1,  = 0.002) and 197 diffuse normal priors for the fixed effects (mean 0, variance 10 10 ). After conducting a 198 dummy run of 11,000 iterations on an arbitrary tree with a burn-in of 1,000 and a thin of 50 199 to determine a start point for the R-and G-structures, each of 100 tree topologies was run 200 sequentially for 15,000 iterations with a burn-in of 5,000 and a thin of 1,000, for a total 201 posterior sample of 1,000 solutions (10 per tree). All chains were visually inspected to 202 ensure proper mixing, and autocorrelation was checked using the command 'autocorr' with 203 0.1 used as a target threshold. These models were run separately for all birds, passerines, 204 and non-passerines. 205
206
We also ran an additional set of models testing the predictive effects of HWI on 207 geographical range size and migratory strategy. Range size is likely a consequence, rather 208 than an explicit driver, of wing morphology, so we tested whether HWI influences the 209 extent of the global distribution of bird species using a model including migration as a 210 potential covariate. The extent to which wing morphology promotes migration is less 211 obvious, particularly as HWI seems to be highly labile. High HWI is often rapidly lost in 212 sedentary or insular taxa Hosner et al. 2017 ), suggesting that it can 213 also readily evolve in lineages that switch to a migratory strategy. Nonetheless, high HWI 214 may predict migration if wings adapted for functions such as dispersal or foraging facilitate 215 the switch to long-distance dispersal strategies. We therefore tested whether wing 216 morphology explains long-distance migration, with other potential drivers held constant. 217
These models included an additional interaction effect of absolute latitude and hemisphere, 218 allowing separate coefficients to be modelled for the HWI-migration relationship in the 219 northern or southern hemispheres. As migratory strategy is here considered a binary 220 variable, we used a logistic regression (MCMCglmm family 'categorical') with priors for the 221 fixed effects set using the command 'gelman.prior', an improper prior for the phylogenetic 222 variance (V = 10 -10 ,  = -1), and the residual variance fixed at 1. All phylogenetic analyses HWI is lowest for the ratites (e.g. Struthioniformes, mean 0.019) and highest for the 233 tropicbirds (Phaethontiformes, mean 69.2) (Fig. 2) . Viewing total phylogenetic variation in 234 this trait reveals that, on average, HWI is lower across passerines than across non-passerine 235 orders (Fig. 2) . Within both major clades, notable peaks in HWI coincide with highly 236 dispersive clades such as parrots (Psittacidae), pigeons (Columbidae), shorebirds 237 (Charadriiformes), seabirds, and waterfowl, as well as groups specialised on foraging in 238 flight, such as swallows (Hirundinidae) or swifts and hummingbirds (Apodiformes). 239 240 Focusing on geographical trait variation ( Fig. 3) , we find that the highest average HWIs are 241 found in scattered regions worldwide, notably in the high Arctic, and in drylands such as the 242 Saharan and Arabian deserts. In addition, a pronounced latitudinal gradient in HWI is clearly 243 visible, with the lowest values consistently found in tropical regions. These spatial patterns 244 are largely recapitulated in both non-passerines and passerines although the latitudinal 245 gradient is shallower in passerines with relatively high HWI much more broadly distributed 246 across the temperate zone, particularly in the northern hemisphere. This apparent 247 relationship between HWI and certain biomes suggests that avian flight capacity is broadly 248 related to climatic conditions, in particular environmental variability or unpredictability. 249 250 Focusing on trait variability within assemblages (Fig. 3) , we find that the highest variability in 251 HWI is in the Saharan and Arabian deserts, the Andes mountains, Madagascar, and the 252 Pacific islands (e.g. New Zealand, New Caledonia, Fiji, Hawaii, and the Galapagos). In other 253 words, these are hotspots of variability supporting a wide spectrum of dispersal traits from 254 low to high HWI. Different patterns emerge within major clades: variability in passerine HWI 255 peaks in Africa, Australia, and south-central Asia from Iran to Pakistan, whereas in non-256 passerines variability peaks in New World low latitudes. Thus, the co-occurrence of different 257 HWI values is driven not only by environment, but by the separate evolutionary and 258 biogeographic histories of different clades. 259
260
Ecological and environmental drivers of HWI 261 262 Across all birds, HWI is strongly positively correlated with breeding range temperature 263 variability and in particular migration (Fig. 4) . These two factors are themselves correlated 264 because migration tends to arise in species breeding in highly seasonal environments (see 265   Tables S4-6) . Conversely, HWI is strongly negatively correlated with year-round territory 266 defence, presumably because this behaviour is tightly bound to a relatively sedentary 267 lifestyle, and is also strongly linked to tropical biomes, particularly tropical forests ( Orme 2013), we find a negative correlation between avian body mass and HWI. This result is 276 not surprising given that some of the largest bird species (e.g. ratites including ostriches, 277 rheas and cassowaries) are highly sedentary with low HWI. 278 279 Across passerines, the correlates of HWI are similar to those for all birds, although 280 temperature and body mass are no longer significant predictors (see Fig. S2 ). In non-281 passerines, HWI is correlated with neither diet nor breeding range precipitation seasonality 282 nor association with islands (see Fig. S3 ). The tendency within non-passerines for smaller 283 species to have larger HWIs is perhaps strongly driven by swifts and hummingbirds 284 (Apodiformes) being adapted for sustained flight whereas many larger non-passerines are 285 flightless. 286
287

HWI as a predictor of biogeography and migration 288 289
When we examined the biogeographic consequences of wing morphology, we found that 290 multiple variables are correlated with range size in birds, namely temperature variability, 291 precipitation, diet, latitude, migration, association with islands, and whether the species is 292 found in the northern or southern hemisphere; there was also a weaker but still significant 293 effect of habitat type and an interaction between latitude and hemisphere (Table S1 ). Some 294 of these relationships reflect the well-established tendency for range size to increase with 295 latitude (Rapoport's rule) coupled with the much larger available land-area in the northern 296 hemisphere. Accounting for all these factors, we found that species with higher HWIs have 297 larger range sizes (z-score: 0.116, p < 0.001). The findings are qualitatively similar when the 298 model is restricted to non-passerines or passerines (Tables S2-3) . 299 300 HWI is the strongest predictor of migration across all birds (z-score: 2.268, p < 0.001), as 301 well as in non-passerines and passerines, separately. The only other predictors strongly and 302 positively associated with migration across all taxonomic categories are temperature 303 variability and latitude (Table S4 ). In contrast with range size models, there are differences 304 in secondary predictors of migration between non-passerines and passerines, including 305 factors such as diet, climate and hemisphere (Table S5- In comparison with other dispersal-traits, HWI is more amenable to global 335 sampling and has a stronger mechanistic link to flight ability through its association with 336 wing aspect ratio (Lockwood et al. 1998 ). Whether HWI is also strongly associated with 337 average dispersal distance for each species requires further empirical testing, but high HWI 338 is likely associated with increased gap-crossing ability even in cases of sedentary tropical 339 species (e.g. parrots, pigeons, hummingbirds). Our dataset thus provides unique insight into 340 the broad-scale distribution of dispersal abilities in birds, at least until direct dispersal 341 estimates can be sampled with standardised methods across thousands more species. 342 343 Environmental variability and the evolution of dispersal 344 345 Most of the key predictors of variation in HWI, including year-round territoriality and 346 migration, vary with latitude. In turn, these underlying gradients may be driven by the 347 striking contrasts in climatic variability -or seasonality -towards the poles. It is clear that 348 latitude itself is not the key factor driving dispersal because temperature variability is one of 349 the strongest predictors of HWI, with an effect over double that of latitude. Temperature 350 variability appears to be fundamental because neither temperature nor precipitation alone 351 has a significant association with wing morphology. Conversely, in passerines, variability in 352 precipitation has a negative relationship with HWI, perhaps because sedentary species potentially mediating the link with climate. The most obvious factor is year-round 368 territoriality, a resource-defence strategy associated with reduced HWI in our analyses. 369
Since year-round territoriality has an effect similar in strength and direction to that of low 370 migration, our models suggest that territorial behaviour influences wing morphology above 371 and beyond its association with migration: in both migratory and non-migratory species, 372 those that hold year-round territories have lower HWI than those that do not. These 373 findings are consistent with ecological theory predicting that individuals or species 374 defending resources will have lower rates of dispersal compared with non-territorial 375 individuals or species (Greenwood 1980 
